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The program objective i s  t o  invest igate  the  deformation processes 
A combination of involved i n  the forging of refractory ceramic oxides. 

mechanical t e s t i n g  and forging i s  being u t i l i zed  t o  investigate both the  
flow and f rac ture  processes involved. 

51 During t h i s  quarter a series of s t r e s s - s t r a in  r a t e  t e s t s  on 1.2 
A1203 + I/)+$ MgO were performed i n  the  range of 1200-1500°C. A variab e 
s h a i n  rate sens i t i v i ty  was found which suggests a possible s h i f t  i n  the  
deformation mechanisms; however, in te rpre ta t ion  has been delayed u n t i l  
fur ther  ver i f ica t ion  of a l l  t he  e f fec ts  obtained. I n  addition, another 
deep drawn hemisphere of alumina was attempted a t  a lower temperature. 
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I. INTRODUCTION 

The objective of t h i s  program is t o  invest igate  the forgabi l i ty  of 
the refractory oxides. 
necessary high temperature deformation and f rac ture  behavior of these 
materials i n  order t o  provide information and understanding which can then be 
applied d i r ec t ly  t o  forging problems. 
mechanical properties sBudies. 
the mechanical t e s t i n g  r e su l t s .  

The approach taken includes an investigation of the  

The primary emphasis has been on 
A few forgings are being done t o  supplement 

The report  of the  first year of work included reviews of t h e  work and 

on the  basis of t h i s  
understanding t o  date  of t he  high temperature mechanical behavior of the oxides 
as w e l l  as hot working e f fo r t s  with these materia1s.l 
study, two systems were ident i f ied  f o r  primary investigation. These were 
fine-grained alumina, doped t o  inh ib i t  grain growthland magnesia. For 
alumina, re tent ion of a r e l a t ive ly  f ine  grain s i z e  i s  important even a t  very 
high temperatures i n  order t o  obtain adequate d u c t i l i t y .  
temperatures of 21OO0C or above, adequate d u c t i l i t y  from s l i p  processes w a s  
indicated as probable. 

For magnesia a t  

I During the first years e f f o r t  extensive mechanical t e s t i n g  of f ine-  
grained alumina was performed t o  c l a r i fy  the contributing mechanisms of deform- 
a t ion  a t  very f i n e  grain s izes ,  t o  pro\5de fur ther  data on flow s t resses  f o r  
use i n  forging, and t o  indicate  the or igins  of cracking and cavitation 8% 

grain boundaries. I n  addition, a few forgings were done t o  correlate  with the  
mechanical t e s t  r e su l t s .  

Considerable evidence was found f o r  increasing contributions of non- 

I n  addition, some unexplained 
Dewtonian deformation processes including grain boundary s l id ing  and dis locat ion 
motion was found f o r  grain s izes  below 5 p. 
ef fec ts  of specimen pur i ty  or test atmosphere on the  flow stress were indicated.  

Considerable capacity f o r  deformation was  demonstrated although several  
causes of cracking were indicated. For most of the  f lexura l  t e s t s  and the  
forgings, t he  l imi t ing  cracks occurred a t  defective areas i n  the  specimens 
which included coarse grained patches, pore nests  and regions of impurity 
concentration which may a l so  contribute t o  the  other two problems. 
addition, cavi ta t ion a t  grain boundaries a l so  develops and presumably would be 
the  l imi t ing  feature  i f  t he  defective regions were eliminated i n  the  specimens. 
The appearance and growth of cracks w a s  shown to be f a s t e r  a t  higher s t r a i n  
r a t e s  with the associated higher s t resses .  

I n  

Further investigation of some of the  unresolved problems i s  being 
undertaken during the  present program. Additional forgings will a l so  be 
performed as indicated appropriate by t h e  mechanical test resu l t s .  
of specimen pur i ty  or  t e s t  atmosphere on the  f l a w  stress i s  par t icu lar ly  
important t o  the  forging e f f o r t  since it i s  desirable  t o  achieve high s t r a i n  
r a t e s  a t  low s t resses  and without development of i n t e rna l  cracks. 
of the  ac tua l  or igin of the  defect regions i s  beyond the  scope of t h i s  
program; however, another program2 i s  presently invest igat ing the  or ig in  of 
these f l & w  areas and the  r e su l t s  w i l l  be used t o  obtain improved specimens 
f o r  t h i s  work. 

The e f fec t  

Investigation 
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During the  past  year on another program3 some very valuable comparative 
data were obtained on the deformation behavior of higher puri ty  alumina. 
The material which had been special ly  made had a g a i n  s i z e  of 1 . 2 ~  which 
made it almost i den t i ca l  t o  the  ~ 1 2 6 ~  alumina tes ted  on last year 's  program1 
except t h a t  it had a somewhat lower t o t a l  impurity content and was not doped 
with 0.25% MgO as was  t h a t  t es ted  on t h i s  program. 
extremely in t e re s t ing  i n  t h a t  t he  high pur i ty  materials had nearly comparable 
flow stresses t o  the  c126c data where comparable t e s t  conditions existed,  
but the  high pur i ty  mater ia l  exhibited generally higher values of r a t e  
s ens i t i v i ty  with m values between 0.77 and 0.93 i n  the  range of 1228-1400Oc 
compared t o  values of 0.65 t o  0.71 fo r  t h e  c126c specimens. The second 
difference was  t h a t  higher flow s t resses  could be achieved before specimen 
fracture  became a l imit ing feature .  

The r e su l t s  were  

Because of t h e  valuable insight  t o  be gained from the comparative 
information, addi t ional  t e s t s  of ~ 1 2 6 ~  specimens w e r e  performed during t h i s  
reporting period i n  order t o  provide fur ther  data under t e s t  conditions 
comparable t o  those used f o r  t he  high pur i ty  specimens. Also, during t h i s  
quarter, an addi t ional  hemisphere forging w a s  attempted and microstructural 
evaluation of t h i s  and the  previous hemispheres was  i n i t i a t ed .  

11. M E C W C A L  TEST EZESULTS 

As indicated i n  the  introduction, addi t ional  tests of the  c126c 
A1203 c 1/4$ MgO were performed t o  provide s t r e s s - s t r a in  r a t e  re la t ions  over 
an extended range of temperature and s t r a i n  rate. 
provide more d i rec t  comparison with data on high pur i ty  alumina tested on 
another prograd;  however, as the  r e su l t s  showed some unexpected behavior, 
the t e s t  schedule was extended t o  invest igate  these e f fec ts .  

This w a s  i n i t i a t e d  t o  

The t e s t i n g  was  done i n  four-point f lexure i n  an argon atmosphere 
furnace. 
with a probe system monitored with an LvlyT which i s  a l so  continuously recorded 
i n  order t o  be able  t o  determine s t r e s s ,  s t r a i n  and s t r a i n  r a t e  continuously 
throughout t he  t e s t .  The t e s t s  were primarily run a t  a se r i e s  of s t r a i n  
r a t e s  by holding the  rate constant u n t i l  a steady-state load was achieved and 
then increasing the  r a t e  and again waiting u n t i l  steady-state conditions 
were obtained before repeating the  procedure. For most specimens the  maximum 
s t r a i n  was l imited t o  2-3% t o  keep spurious e f f ec t s  from large curvature1 t o  
a minimum. The test  machine i s  a constant cross-head machine with a 
variable speed drive.  Considerable e f fo r t  was expended t o  obtain data at  
the  lowest possible speeds achievable on the  uni t .  

The load i s  recorded continuously versus time. Deflection i s  measured 

The c126c specimens are from the  same hot pressed b i l l e t  as those 
previously tes ted;  the material was made from a standard 99.9% pure, 0.3 1-2 
grade alumina powder with an addition of l&% MgO f o r  grain growth inhibi t ion 
during pressing and t e s t ing .  
t e s t ing  w a s  l 0 2 - 1 . 3 ~ *  except f o r  some of the  higher temperature tests which 
are discussed below. The high pur i ty  specimens had been hot pressed from a 
special ,  high pur i ty  powder without any additives; t he  grain sizes averaged 

The grain s i ze  measured on specimens a f t e r  

jff The grain s izes  were a l l  measured by the  l i nea r  intercept  method and 
reported as G = 3/2Lb. 
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about 1.2 $I, although t e s t i n g  could not be done a t  14OO0C or above without 
s ign i f icant  grain growth. 3 

The t e s t  r e su l t s  are plot ted i n  Figure 1 as log  s t r e s s  versus log 
This p lo t  includes the data previously reported1 plus the  s t r a i n  rate. 

recent t e s t s .  
at ion : 

The s t resses  have been calculated using the  e l a s t i c  approxim- 

Correction f o r  p l a s t i c  bending and large curvature e f f ec t s  will be made 
after the sequence has been completed and the  cause of the several  e f fec ts  
established. 
a t  temperatures of 1228, 1258, 1288 and 1 3 3 7 O C .  

Also shown on the  p lo t  are the  l i nes  for t he  high pur i ty  t e s t s  

These curves show a decided e f f ec t  of the ac tua l  s t r a i n  rate upon t h e  
s t r a i n  rate sens i t i v i ty  mb given by 

The curvature i n  the  p lo ts  become more obvious by extending the range of 
d r a i n  rate and temperature of t h e  tests. 
of the  high pur i ty  specimens are very similar t o  the  ~ 1 2 6 ~  specimens and t h a t  
t he  difference i n  apparent values of mb was more a function of the  range of 
s t r e s s - s t r a in  rate over which the  measurements were made. 

It can be seen tha t  t he  r e su l t s  

Because of the  obvious implications of the  s imi l a r i t y  of r e su l t s  f o r  
d i f fe ren t  pur i ty  leve ls  and of the  var ia t ion of the  r a t e  sens i t iv i ty ,  
considerable e f fo r t  was  expended to ensure t h a t  t he  r e su l t s  were reproducible 
and not test  a r t i f a c t s .  
shows an increase i n  slope a t  higher stress and s t r a i n  rate i s  reproducible 
and does not seem t o  be due simply t o  a systematic test a r t i f a c t .  
the previous work l~h  on fine-grained alumina covered a su f f i c i en t ly  broad 
range of s t r a i n  rate to demonstrate curvature conclusively. 
seen, however, t h a t  some of the var ia t ion i n  mb with temperature previously 
reported i s  consistent with these r e su l t s .  

The break i n  t h e  low temperature curves which 

None of 

It can be 

The second break seen only i n  the  higher temperature curves cannot 
The problem i s  be held i n  high confidence without fur ther  ver i f ica t ion .  

t ha t  a t  the  long t i m e s  necessary f o r  t he  low rates appreciable grain growth 
can occur a t  t h e  higher temperatures. Grain s izes  as high as 2 
found i n  some of t h e  specimens a f t e r  t e s t i n g  a t  14900c or  a f t e r  very long 
t e s t s  a t  14180~. Because of t he  high dependence of s t r a i n  r a t e  on grain 
s ize ,  it i s  possible t h a t  t h e  high i n i t i a l  slope may be a consequence of 
grain growth during the  ear ly  par t  of t he  t e s t .  
growbh l a w  wmld r e s u l t  i n  a greater e f f ec t  during the  ear ly  par t  of t he  
t e s t ,  i .e . ,  on the  lower s t r a i n  r a t e  points.  As  a r e su l t  of these uncertaint ies ,  

were 

A parabolic o r  cubic grain 
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some fur ther  tests are being conducted t o  determine whether t h i s  break 
i s  real  or  an a r t i f a c t  f r o m  grain growth. 

These t e s t  r e su l t s  have some rather in t e re s t ing  implications regarding 
the  deformation mechanisms. 
t u re  indicates  t h a t  there  i s  no s igni f icant  difference i n  the  high pur i ty  
specimens and the  ~ 1 2 6 ~  specimens f o r  comparable stress and temperature 
ranges. 
have a somewhat higher impurity content, but contain 1/4$ M g O .  Because 
of presumed segregation of the  MgO near grain boundaries, it seems qui te  
surprising t h a t  there  would be no e f f ec t  on a mechanism involving grain 
boundary s l iding.  

A preliminary p lo t  of s t r a i n  r a t e  versus tempera- 

This i n  i tself  is  rather surprising. The C X ~ C  specimens not only 

I n  addition t o  the  negative e f f ec t  of puri ty ,  the  change i n  r a t e  
s ens i t i v i ty  i s  a l so  surprising. No s i m i l a r  behavior of increasing sens i t i v i ty  
with increasing s t r a i n  rate f o r  ceramic materials is  known t o  t he  authors. 
Somewhat similar behavior has been reported f o r  some of t he  superplastic 
metals investigated57 6; f o r  these cases, however, t he  m values increased from 
about 0.2 t o  a maximum of about 0.5 which i s  a lower range of mthan  seen 
i n  the  present work where values range from 0.5 up t o  nearly unity.  

Further in te rpre ta t ion  of these curves i s  premature at  t h i s  time 
without better ver i f ica t ion  of the  apparent high slope region a t  low s t r a i n  
r a t e s .  
lower temperatures a t  su f f i c i en t ly  low ra t e s .  Since in te rpre ta t ion  w i l l  
depend s igni f icant ly  on the  existence of this second break, explanations 
would be premature a t  t h i s  time. 
s t r a i n  rate dependence should allow a b e t t e r  assessment of the  r e l a t ive  
contributions of non-Newtonian processes such as s l i p  and Newtonian viscous 
deformation mechanisms such as d i f f i s i o n a l  creep. 
mentioned that  t rans ien t  e f fec ts  could perhaps contribute t o  t h i s  observed 
behavior and w i l l  be considered i n  evaluation and in te rpre ta t ion  of these data. 

If t h i s  is  def in i te ly  established then it would be expected a t  t he  

It seems l i k e l y  t h a t  understanding of t h i s  

It should a l so  be 

111. FORGING 

An attempt was  made t o  deep draw a hemisphere from a f la t  blank of 
A new alumina at 1 5 7 5 O C .  

punch and d i e  were used. 

entrance angle and generous radius. 
t o  reduce t h e  amount of grain growth occurring during the deep drawing. 

The blank had an i n i t i a l  grain s i z e  of 2.4 p. 
The d i e  had an entrance angle of 30' and a s m a l l  

entrance radius compared t o  the  previously used set-up 1 which had a 40' 
The forging, ~1600, was done a t  1 5 7 5 O C  

The blank w a s  broken i n t o  several  pieces as  can be seen i n  Figure 2. 
Examination of t he  f rac ture  surfaces w a s  somewhat ambiguous. 
r a d i a l  cracks c lear ly  occurred qui te  early i n  the  t e s t ,  and appeared t o  
or iginate  i n  the  f l a t  par t  of t h e  crack between the two la rges t  pieces. 
It w a s  not c lear  exactly where i n  t h i s  region the  crack s ta r ted .  It seems 
l ike ly  t h a t  the  i n i t i a l  crack may have resul ted from a brief increase i n  
s t r a i n  r a t e  and load during the ear ly  pa r t  of t h e  t e s t .  A second s e t  of 
cracks a l so  developed a t  the  entrance region where the  maximum bending occurs. 
This appears t o  be the  r e su l t  of drawing over too sharp a radius a t  too 
high a r a t e .  

The pr incipal  



-6 - 

.... B531-1 

Figure 2. Cracking of Deep Drawn Hemisphere Attempt. 
Forging ~1600 of AJ.203. 
r igh t  pieces should be interchanged f o r  
proper order. 

The upper end 
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Examination of t he  surfaces of t h i s  forging indicated some chemical 
compatibility problems which must be avoided. 
phase could be seen on the surface; this i s  thought t o  be B2O3 from the 
BN lubricant used. 
present i n  the  BN, although it may have formed during forging. 
s teps  w i l l  be taken t o  eliminate the  problem since the  at tack by a l iqu id  
phase could lead t o  cracking during forging. 

Some evidence of a molten 

It i s  thought more l i k e l y  t h a t  t he  oxide was i n i t i a l l y  
Appropriate 

IV.  MICROSTRUCTURAL EVALUATION 

Evaluation was begun on the  broken hemisphere as wel l  as on the  more 
successful one, done a t  1 6 2 5 ~ ~  previously reported.' The previous one, ~1448 ,  
was  etched i n  phosphoric acid and the inner and outer surfaces w e r e  
repl icated f o r  e lectron microscope examination. A t yp ica l  region from t h e  
outer surface i s  shown i n  Figure 3a; it can be seen t h a t  appreciable grain 
growth occurred. 
f o r  t h i s  piece. 
repl icat ion showed t h a t  these were s m a l l  coarse-grained patches. 
i n  these patches were about 30 p as can be seen i n  Figure 3b. 
coarse grained regions acted as hard spots and d id  not deform as fast as 
the surrounding regions. Some cracking was observed i n  the  regions immediately 
surrounding the hard spots which presumably resul ted from the  higher l o c a l  
s ixain rates. 

The average was  6.8 )I compared t o  an i n i t i a l  sdze of 3 
On t h i s  piece many s m a l l  spots could be visual ly  seen; 

The grains 
These 

Examination of t he  pieces of ~ 1 6 0 0 ,  done a t  1 5 7 5 O C  showed t h a t  l e s s  

This piece a l so  
Be- 

grain growth occurred, as anticipated.  
t o  aboue 3.8 p which is  desirable  f o r  the f i n a l  product. 
had coarse grained patches i n  it a f t e r  forging as shown i n  Figure 4. 
cause there  was less thinning of t h i s  piece the  coarse grained spots d i d  
not stand high on the surface as i n  ~1448.  
coarse grained patches a re  i n  the  o r ig ina l  blanks although some fur ther  
grain growth may occur during forging. 
types of defects i s  the  object of another. program2 and the  r e su l t s  w i l l  be 
used i n  t h e  future  t o  obtain improved preform blanks. 

The grain s i z e  increased from 2.4 p 

It is  presently thought t h a t  these 

Reduction i n  the  occurrence of these 

v. FuTmB WORK 

During the next quarter fur ther  ver i f ica t ion  of the  variable s t r a i n  
rate sens i t i v i ty  w i l l  be sought by fur ther  tes t ing ,  especially a t  l o w  
s t r a i n  rates. 
data w i l l  be done. Additional microstructural  evaluation of specimens 
tes ted  a t  d i f fe ren t  regions of rate sens i t i v i ty  w i l l  be done t o  a i d  i n  
evaluation of these data. 

Upon completion of t h i s ,  f i n a l  reduction and analysis of these 

Additional drawings of hemispheres a r e  a l so  planned. Some modifications 
of d i e  design and loading procedures will be undertaken t o  eliminate ear ly  
cracking. 
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#73.457 1500x 

#71458 1500x 

Figure 3. Microstructure of Outside Surface of Hemisphere 
~1448 Showing a Typical Area (a) and an Area 
at the Edge of a Coarse-Grained Patch (b), 
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#5531-3 25 OX 

Figure 4. Coaree-Grained Patch i n  Piece from Broken 
Hemisphere, ~1600 .  
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